Identifying dynamic characteristics of civil engineering structures is still a challenging task. It intends to assess behavior of the structures under time-dependent loads. This paper discusses a methodology suitable for identifying the characteristics of multi-story buildings using only their measured response under earthquake ground excitations. Appropriateness of technique used for structural identification was corroborated through coherence of the structure's responses. The methodology was applied for identifying the characteristics of 14-story and 20-story office buildings located in a high seismic region. Responses of these two buildings recorded during three different seismic ground motions were investigated. The buildings' response spectral densities and singular values were computed and utilized to identify their dynamic characteristics, viz. modal frequencies, damping factors, and mode types such as bending or torsion mode. Results of this study were validated through comparisons with the results reported using different structural identification techniques. It indicated that the methodology implemented in this study was capable of identifying the dynamic characteristics of multi-story buildings using responses under seismic ground motions.
Introduction
Dynamic characteristic identification of civil engineering structures, e.g., buildings, bridges, and fixed offshore structures, needs to be carried out for assessing the structures under time-dependent loads. These dynamic characteristics include the natural frequency, damping factor, and mode shape or type. In many cases the structures' dynamic characteristics obtained from experimental investigations are required. These investigations are conducted, for instance, for updating numerical finite element structural models, studying performance of the structures under time-varying loads, and establishing baseline of vibration-based health monitoring of the structures.
In carrying out experiments on a large civil engineering structure for measuring these dynamic characteristics, it would be difficult to excite the structure using artificial excitation forces. Therefore, these characteristics are viably obtained from the structure's response under natural excitation loads, e.g., the wind, waves, traffic, or 2 seismic loads. One of the advantages of utilizing these excitations in vibration testing is that they allow the structure undergoing testing to be in its normal operational conditions. As no excitation force data is acquired during testing, the structure's dynamic characteristics can only be identified from its response recorded during these natural excitations.
Studies on system identification of multi-story buildings under seismic ground excitations have attracted the attention of researchers. In [1] [2] [3] , application of AutoRegressive Moving Average with exogenous input technique was reported to identify dynamic characteristics of the structure. A 26-story building was studied in [1] . Its responses were measured using seismometers mounted at three locations along the building's height. Then they were employed to obtain the structure's dynamic characteristics. They stated that the technique could be utilized to identify the dynamic characteristics from few seismic response data. In [2, 3] , dynamic characteristics of multi-story buildings under seismic loadings were estimated from the buildings' responses measured in the basement and at the roof using the above-mentioned technique. The buildings' response spectra and spectral ratios were computed for determining their natural frequencies.
The performance of a multi-story building under seismic loadings was studied, and the results were discussed in [4, 5] . In [4] , the authors utilized the building's measured response to compute its dynamic characteristics using the method employed in [1] [2] [3] . Finite element analyses were carried out to obtain an appropriate numerical model for simulating the structure's time response under these loadings. The ARX method was also applied in [5] for structural system identification of a 13-story steelmoment resisting frame building to extract damping ratios and natural frequencies of the building under different earthquake excitations. Damage detection methods including frequency changes and presence of high frequencies were applied to detect fractures that occurred in the building due to the seismic ground motions.
Zhang et al. [6] reported results of investigation on dynamic characteristics of a 20-story building under ambient and earthquake loads. They pointed out that the building's natural frequencies obtained using ambient and earthquake forces were slightly different. Finite element analysis of the 20-story building was conducted, and the results were reported in [7] . The building's responses in horizontal and transverse directions obtained from the finite element analysis were calibrated using its recorded ambient responses. The calibration was conducted in order to elicit the building's finite element model having similar natural periods with those measured under the ambient forces. In their study, commercially available computer software was employed to obtain natural periods and damping factors of the building from recorded seismic and ambient responses. Incremental dynamic analysis and modal pushover analysis approaches were implemented to predict nonlinear seismic response of the building using the calibrated model. Kim et al. [8] proposed a time domain method for identifying dynamic characteristics of a single degree of freedom system with unknown excitations. They verified the effectiveness of the method through numerically simulated data and data collected from the experiment carried out on a reinforced concrete highway bridge located in Southern California. Because their proposed method was based on the single degree of freedom approach, there would be problems when it was applied to systems having closely spaced modes. Ibrahim Time Domain identification technique was utilized in [9] for dynamic characteristic identification of a multi-story building from its seismic response. In the analysis, the response used was selected so that the identification technique could be applied to extract dynamic characteristics of the building. Selection of the input data from seismic response for the identification technique was found to be rather time consuming. The blind source separation along with random decrement method was employed in [10] to measure natural frequency and damping ratio of 1 st mode of the 14-story building. Responses of the building recorded during four earthquake excitations were utilized in this study. This paper discusses a methodology applicable for dynamic characteristics identification of multi-story buildings using response data recorded during seismic ground motions. In this study, coherence function was computed prior to carrying out dynamic characteristics identification of the structure to verify whether or not nonlinearity was present in the structure. Hence, an appropriate system identification technique, viz., linear or nonlinear technique, could be selected. The coherence function was obtained from selected reference seismic response and responses measured at different structures' locations. When the structure is linear, its natural frequency can be determined through spectral density magnitude and phase of the seismic responses. This study partly adopted techniques proposed in [11, 12] to obtain the damping factor and mode. Singular values of the seismic response spectrum were computed to separate possibly closely spaced modes. Then unlike the method proposed in [11, 12] , the singular values of the spectrum were transformed into the time domain to get responses of single degree of freedom systems from which damping factors could be elicited. Curve-fitting technique was employed to extract damping factor from the responses.
To demonstrate its efficacy, the methodology presented in this paper was applied to extract the dynamic characteristics of 14-story and 20-story instrumented office buildings located in an active seismic zone. Under United States Geological Survey National Strong 3 Motion Program [13] , acceleration sensors were installed on different locations and floors of the buildings to measure their response under seismic loadings. Instruments mounted in the buildings could monitor horizontal, transverse, and rotational displacements; total drift; and inter-story drift of any floors in the buildings during earthquake loadings. The 14-story building was 45.5m long, 32.3m wide, and 49.7m high (measured from the ground floor). It was a moment-resisting frame structure. Nine accelerometers were installed on the building floors. They were located in the basement, on the 8 th floor, and at the roof of the building to measure the building's seismic response in the transverse, longitudinal, and vertical; and directions, viz. the x-, y-, and z-axis directions, respectively; see Figure 1 (a). On the building floors, two accelerometers were deployed to measure response in the vertical direction, two accelerometers were mounted to measure the response in the longitudinal direction, and five accelerometers were deployed to measure the building's dynamic response in the transverse direction. Accelerometers deployed for measuring seismic response in the transverse direction, i.e. the x-axis or EW direction, were located at the building roof, on the 8 th floor of the building, and in the basement; they were named accelerometer #1, #2, #3, #4, and #9. Responses measured using four accelerations, except that of accelerometer #3, were utilized in this study to estimate the building dynamic characteristics. Response of accelerometer #3 was not available for all seismic excitations investigated in this study; therefore it was not used for the dynamic characteristic identification.
The 20-story building was 80.5m tall, and its plan dimension was 38.5m by 38.5m. The building was a moment-resisting steel frame structure with 14.63m by 14.63 m steel shear wall core located in the center of the building. In the building a total of 30 accelerometers were installed. They were located in the basement, on the 1 st , 2 nd , 7 th , 8 th , 13 th , 14 th , 19 th , and 20 th floors and at the roof of the building. These acceleration sensors were capable of measuring the building's acceleration responses when it was being shaken by strong ground motions. There were one tri-axial and 29 uni-axial acceleration sensors in the building. The tri-axial accelerometer was deployed for measuring acceleration response in the three axis directions, viz., horizontal, vertical, and transverse directions, while the uni-axial one was mounted for measuring the response either in horizontal, vertical, or transversal direction. Figure 1 (b) shows sensor locations mounted on the 20-story building. In this study, the responses of accelerometers #17, #23, #29, and #32 were employed to obtain the building's dynamic characteristics. Earthquakes shook these two buildings, and their acceleration responses during these ground motions were measured and documented. This paper presents results of investigations on dynamic characteristics of these multi-story buildings under three earthquake ground excitations, respectively; for the 14-story building the earthquakes investigated in this study a) The epicentral distance was measured from the earthquake epicenter to the building location, b) PGA presented in this table was peak acceleration measured in the basement of the building in the E-W direction [2, 6] a) The epicentral distance was measured from the earthquake epicenter to the building location, b) PGA presented in this table was peak acceleration measured in the basement of the building in the E-W direction [2, 6] investigated in this study, and peak acceleration response recorded in the building's basement in the EW direction [2] [3] [4] [5] [6] . These buildings' seismic responses were chosen since these response data have been well documented so that they were readily available for the study presented in this paper.
It should be noted that finite element analyses of the buildings under these seismic ground motions could not be carried out in this study because detailed structural dimensions of the buildings could not be obtained. However, finite element analyses of the buildings investigated in this study had been conducted in studies reported in [4, 5, 7] . Those studies were performed with the intent of obtaining numerical models for the buildings where their time responses were similar to the buildings' time responses recorded during earthquake excitations. Investigation carried out in this study was aimed at implementing a methodology applicable for dynamic characteristic identification of multi-story building using its responses measured when the building was being shaken by earthquake ground motions. Dynamic characteristics of two multi-story buildings under respectively three different seismic loadings were investigated, and the results are reported in this paper. Results of this study were verified by comparing them with results of studies reported in [2] [3] [4] 6, 7] .
Methods
For two response measurements, x i (t) and y i (t), the cross-spectral density function can be obtained using [11] 
i=1,2,3…N, ∆t is sample time interval, n d is number of records, X i and Y i are Fourier transforms of x i (t) and y i (t) respectively. In this study these responses were obtained when the multi-story building structure was excited by earthquake forces. The spectrum was used for estimating dominant frequency of the structure.
The phase angle of the cross spectral density is computed using the expression below:
Re S xy and Im S xy are respectively the real and imaginary parts of the spectrum.
To check linearity of the structure, the coherence function can be obtained using [11] as follows:
S xy (f) and S xx (f) denote the cross-spectral density of input and output responses and the auto spectral density of the input, respectively.
The coherence function can be utilized to discriminate linear and nonlinear structural systems [14] . This function value ranges from 0.0 to 1.0. When the coherence function value is about 0.0, it indicates that the system is not linear. The system is designated to be linear when the function value is close to 1.0.
As the input excitation was not measured, a reference response needed to be determined. In this study, the coherence function was obtained for determining a reference response. Coherence functions of any combination of two responses measured at different building locations were computed and examined.
Response measured at a location of the structure was selected to be a reference if coherence function values obtained using the reference and any other investigated response recorded at different building locations were good, i.e., close to unity, or resulted in higher coherence values. When a reference response had been determined, dynamic characteristic identification of the building could be accomplished. When the building structure behaves linearly and its modes are well separated, natural frequencies of the structure can be roughly estimated using auto and crossspectrum of the measured seismic responses. It can be conducted by examining the frequencies that corresponds to the peak magnitudes of spectrum. However for a system having closely spaced modes, effects of the adjacent modes would lead to erroneous identified dynamic characteristics. Therefore in this study singular values of the spectrum were computed to decompose the response spectrum into response of single degree of freedom systems where the dynamic modal characteristics could be extracted [12] . In addition, the phase of the structure's response spectrum under these excitations was obtained to distinguish the type of vibration mode, viz., bending mode or torsion mode.
Auto spectral density of the output, S yy (f), and spectral density of the input, S xx (f), can be related using the expression given below [12] :
where H(f) and H * (f) denote frequency response function and its conjugate, respectively. Suppose the inputs are uncorrelated and their spectra are flat in the vicinity of the structure's natural frequency, S xx (f) is a diagonal matrix having constant magnitude. In this case Eq. (4) can be written
S denotes the spectral density, and it may be omitted because its values are constant. Accordingly, the spectrum can be computed using the expression
where n is the number of modes, φ is the eigenvector, λ and λ * are the complex pole and its conjugate, respectively, f denotes frequency, superscript T denotes matrix transpose, and
. In matrix form, the spectrum can be expressed as the multiplication of three matrices as
Φ is matrix of spectral eigenvalues, where natural frequencies and damping factors can be extracted, and Λ is matrix of eigenvectors, where mode shapes can be obtained.
Unlike the method proposed in [11, 12] , in the study reported in this paper the singular values were transformed into the time domain, and damping factor was then estimated in a least square sense using the expression given below:
where A is a constant, f n and f d are natural frequency and damped natural frequency, respectively, ζ is damping factor, and t denotes time.
The methodology described above was applied for identifying dynamic characteristics of the 14-story and 20-story office buildings in the EW direction using their responses under three different earthquake ground motions, respectively.
Results and Discussion
To implement the methodology proposed in this study, cross spectra of the structure response were computed so that the structure's predominant frequency under the investigated earthquake excitations could be estimated. Dominant frequency corresponds to largest response amplitude in a frequency range of interest. Then coherence functions computed using responses measured on different building floors were plotted to examine the building's dynamic response characteristics, i.e. linear or nonlinear, under these seismic loadings. Fig. 1(a) for the accelerometer numbers. For the 20-story building, the responses recorded using accelerometers #17, #23, #29, and #32 were employed to obtain the spectra and its dynamic characteristics in the EW direction. Smaller spectral amplitude at higher frequency was also observed; see Fig. 2(d) . Under the December 15, 2004, earthquake loadings, however, the response spectrum had the predominant frequency of 1.51 Hz. Larger amplitude at the higher frequency might be due to relatively short distance of the epicenter to the building and the earthquake magnitude such that higher frequency mode of the building was excited. Under the earthquake motions, smaller peak spectrum magnitude corresponding to lower modal frequency of about 0.4Hz 6 was also observed; see Fig. 3(a) . In Fig. 3(a) , the peak response magnitude existed between 0.5 and 1.0 Hz; however, it seemed that it was not a modal frequency as the coherence value at this frequency was very low. It might be due to noise embedded in the response. Cross spectra of the 20-story building response under the investigated earthquake loadings are shown in Figs. 3(f), 4(c), and 4(f). As seen in these figures, large spectrum amplitude was observed; it corresponded to the frequency of 1.56 Hz. Small peak magnitude of spectrum of the building at a frequency of about 0.45Hz was also observed when the structure was excited under the December 15, 2004, earthquake; see Fig. 3(d) . Phase angle values of these building responses at the modal frequencies were examined in this study. It was observed that most of the phase spectrum values at the predominant peak spectrum magnitudes investigated in this study were either nearly 0 o (in phase) or 180 o (out of phase). From the phase values, the building's mode type, viz., bending or torsion, could be identified.
Coherence magnitudes of the 14-story and 20-story buildings' seismic responses at the dominant frequencies were examined for identifying nonlinearity, which would be present in the structure. In the preliminary investigation carried out for this study the coherence was also utilized to select a reference response. The reference response was selected when coherence of the response and any other response investigated gave high coherence magnitudes. Results of the preliminary study were not reported in this paper for brevity. In this study, 8 the response of accelerometer #4 located at the fourth floor was selected to be the reference for identifying dynamic characteristics of the 14-story building, whereas the response of accelerometer #23 was selected as the reference for the 20-story building. It was observed that most of these coherence values were good; they were close to unity at the modal frequencies. Thus it could be justified that the structures behaved linearly when they were excited by the investigated earthquake ground motions. Response which did not result in good coherence values was not utilized for dynamic characteristics identification. For instance, when the 14-story building was excited by the December 15, 2003, earthquake, the coherence values obtained from the reference and accelerometer #9 responses at the modal frequencies were low; see Fig. 3 (c). This might be due to the presence of noise in the response. Therefore the acceleration response was not further employed for the identification. In this study, to ensure the system linearity, the acceleration responses having coherence values lower than 0.8 were not employed for dynamic structural identification as described in the methodology.
The cross spectrum was then decomposed using the singular value decomposition method to obtain the spectrum of damped single degree of freedom systems.
These values were utilized to extract natural frequency and damping factor of the building. In this study to measure the modal frequency and damping factor of the building structure, the singular values were transformed into time domain so that damped response of single degree of freedom systems could be acquired. The functions were fitted in least square sense so that the natural frequency and damping factor could be estimated. Responses of the building under other seismic ground motions were fitted in a similar manner; for the sake of brevity, however, they are not presented in this paper.
Natural frequencies and damping factors of these two buildings under the earthquake ground excitations were extracted using the methodology discussed in this paper, and the results are presented in Tables 3 and 4 . The dynamic characteristics of these buildings obtained from studies reported in [2] [3] [4] 6, 7] are presented in these tables for comparison. As seen in Tables 3 and 4 , natural frequencies and damping factors obtained using the methodology employed in this study were in fairly good agreement with those reported in [2] [3] [4] 6, 7] . These buildings' dynamic characteristics varied slightly under these seismic ground motions. The 14-story building's dynamic characteristics obtained from this study changed slightly under the investigated seismic ground motions. Under the December 15, 2003, earthquake ground motions, the structure's natural frequency changed slightly; this might be due to effects of the earthquake magnitude and its epicentral distance, which was relatively close to the building.
The damping factors were also changed; the changes in the dynamic characteristics of the 20-story building were observed to be marginal. Tables 5 and 6 present phase of the spectrum obtained using response of accelerometers investigated in this study. From these tables it can be indicated that the first mode identified for these buildings was a bending mode, whereas the second one was a higher-order bending mode. A similar procedure could be carried out for the dynamic characteristics identification of these buildings using response recorded at different acceleration locations. Results of this study demonstrated that the methodology discussed in this paper was capable of extracting dynamic characteristics of these buildings using their recorded seismic responses.
Conclusions
In this paper a methodology applicable for identifying dynamic characteristics of multi-story buildings excited by earthquake forces is discussed. Prior to carrying out dynamic identification of the structure, coherence function was obtained so that the behavior of the structure under the ground motions, viz., linear or nonlinear, could be verified. Thus, the appropriate system identification technique could be selected. For linear structural system, the structure's natural frequency could be estimated through its seismic response spectral density magnitude and phase of the responses. To extract its dynamic characteristics, viz., the mode type and modal frequency techniques proposed in [11, 12] were applied so that closely spaced modes could be separated; then, unlike the techniques presented in [11, 12] in this study, the curve-fitting technique of time response was implemented to extract the damping factor.
To demonstrate usefulness of the methodology proposed in this study, dynamic characteristics of 14-story and 20-story moment-resisting frame office buildings were identified. These buildings' acceleration responses recorded respectively under three different earthquake excitations were employed for the identification. First two modes of the buildings are reported in this paper. Results of this study were encouraging; the dynamic characteristics of the investigated buildings were successfully identified. Moreover, natural frequency and damping factor values were reasonably good when they were compared to the results of studies reported in [2] [3] [4] 6, 7] . It indicated that the methodology implemented in this study could be advantageously applied for dynamic characteristic identification of multi-story buildings using only their responses under seismic ground excitations.
